How severe must repetitive loading be to kill chondrocytes in articular cartilage?  by Clements, K.M. et al.
Osteoarthritis and Cartilage (2001) 9, 499–507
© 2001 OsteoArthritis Research Society International 1063–4584/01/050499+09 $35.00/0
doi:10.1053/joca.2000.0417, available online at http://www.idealibrary.com onHow severe must repetitive loading be to kill chondrocytes in articular
cartilage?
K. M. Clements, Z. C. Bee, G. V. Crossingham, M. A. Adams and M. Sharif†
Department of Anatomy, and †Rheumatology Unit, University of Bristol, Bristol, U.K.
Summary
Objective: Little is known about the effects of severe repetitive loading on articular cartilage chondrocytes, even though epidemiological
studies associate this type of loading with osteoarthritis. We hypothesize that repetitive loading can kill cartilage chondrocytes in a
dose-related manner.
Design: Large cartilage-on-bone specimens were cut from the patella groove of bovine knees obtained directly from a slaughterhouse.
Cartilage was loaded using a flat impermeable indenter in such a manner that the loaded region was supported naturally by surrounding
cartilage and subchondral bone. Specimens received 3600 cycles of compressive loading at 1 Hz, with the peak load lying in the range
1–70% of the force required to damage cartilage in a single loading cycle (35 MPa). Cell viability was assessed in thick sections of loaded
and control cartilage using a paravital staining method: fluorescein diacetate stained live cells green, and propidium iodide stained dead cells
red. The assay was validated on cartilage which had been subjected to repeated freeze–thaw cycles to kill the chondrocytes.
Results: Paravital staining revealed 100% cell death after one freeze–thaw cycle at −196°C and three cycles at −20°C. Baseline
chondrocyte viability was 80% in unloaded cartilage, and viability decreased when applied compressive loading exceeded 6 MPa. Above this
threshold, cell viability was inversely proportional to applied stress. When gross damage to the cartilage surface first became evident, above
14 MPa, 40% of cells remained viable. Load-induced chondrocyte death was greatest in the surface zone, and extended beyond the loaded
area. Electron micrographs indicated that some cells were dying by apoptosis.
Conclusions: Some chondrocytes are much more vulnerable to repetitive mechanical loading than others, suggesting that vigorous activity
may lead to cell death in articular cartilage. © 2001 OsteoArthritis Research Society International
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*For reference, 1 MPa equals 1 N/mm2, and is approximately
equal to 10 kg/cm2.Introduction
The increased prevalence of osteoarthritis (OA) in elderly
people has been linked to an age-related decrease in
articular cartilage cellularity1. Decreased cellularity is also
associated with cartilage fibrillation and thinning in OA2,3.
Furthermore, animal experiments have confirmed that
trauma-induced chondrocyte death is followed by progres-
sive degenerative joint disease4. Even when there is no
history of trauma, cell death may be a causal factor in OA,
because repetitive mechanical loading has the potential to
disrupt both chondrocytes and matrix by the process of
‘fatigue failure’, in which microdamage accumulates and
leads eventually to gross failure. This could explain why
vigorous physical activities such as frequent bending and
lifting are important risk factors for OA5.
Chondrocytes are essential to maintain the integrity of
the cartilage matrix, and to adapt its physical properties
to match the functional demands placed upon it6. This499adaptive response has been studied extensively in vitro,
but most experiments concern small compressive stresses
below* 2 MPa7–9. At the other end of the loading range,
rapidly-applied compressive stresses above 25 MPa kill
most chondrocytes within the tissue10,11. In between these
extremes of loading (2–25 MPa), little is known about
chondrocyte responses to compressive stress. This is
unfortunate, because this range probably encompasses
the effects of the vigorous physical activities referred to
above. In living people, maximum compressive stresses
acting on articular cartilage lie in the range 5–8 MPa during
level walking (data for human hip joints)12,13 and 18 MPa
when rising from a chair (data from an instrumented pros-
thetic human hip)14. The full physiologic range of joint
loading in vivo is unknown and may vary between joints
and species.
Several studies have considered this intermediate range
of loading (2–25 MPa), but technical difficulties hinder their
interpretation. When explants of cartilage are subjected to
hydrostatic pressures in vitro, then chondrocyte metab-
olism is stimulated by pressures of 5–15 MPa, and inhibited
by pressures greater than 20 MPa15. However, hydrostatic
pressures act evenly in all directions, and do not deform
wet tissues. Measurements in our own laboratory show that
the centre of an intervertebral disc exhibits a hydrostatic
pressure16 but articular cartilage is quite different: it
deforms markedly when compressed in a direction perpen-
dicular to its surface, and is rigid enough to sustain high
stress concentrations17. This is why direct compressive
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CARTILAGE-ON-BONE SPECIMENS
Knee joints were obtained from skeletally mature cows
which were approximately 24 months old. Bovine tissue
was used because its uniform quality reduces specimen
variability in quantitative experiments. Animals had beenslaughtered 24–48 h previously and kept in refrigerated
storage with the joints intact. Upon arrival in the laboratory
the joints were dissected and the patella grooves removed.
Specimens approximately 20 mm×20 mm, and with 8 mm
of subchondral bone attached, were cut from the medial
margins of the grooves using a fine hacksaw. This location
was selected because it is a particularly flat joint surface
and one which is heavily loaded in life by the action of the
quadriceps muscle pulling on the patella. The mean depth
of cartilage in this location was 1.6 mm. Baseline measures
of cell viability were made on cartilage tissue removed at
dissection, as described below.Fig. 1. Schematic diagram of the Dartec materials testing machine
used to apply compressive loading to samples of cartilage-on-
bone.MECHANICAL LOADING
Specimens were tested using a computer-controlled
materials testing machine (Dartec Limited, Stourbridge,
U.K., as shown in Fig. 1). Load was applied by means of a
flat, impermeable indenter 7 mm in diameter, with a 1 mm-
diameter bevelled edge. Each fresh cartilage-on-bone
specimen was ‘floated’ on the surface of liquid dental
plaster in a brass cup, and a small load applied to the
specimen until there was even contact between the carti-
lage and the indenter. This ensures that the compressive
stress is applied evenly to the cartilage surface. The dental
plaster was level with the surface of the cartilage so that the
cartilage was supported laterally. These experimental
details have been justified above.
When the plaster had set hard, specimens were sub-
jected to 3600 cycles at 1 Hz, using a linear-ramp loading–
unloading waveform. The duration of the loading periodloading of an articular cartilage surface deforms chondro-
cytes within the matrix18. A deformed cell may behave quite
differently from one which is subjected to a hydrostatic
pressure. Some confusion in the literature concerning the
hydrostatic nature of cartilage could have arisen because
of theories which refer to a hydrostatic pressure in a ‘fluid
phase’, and stresses in a ‘solid phase’19,20. However, these
‘phases’ of cartilage both press on chondrocytes at the
same time, and that is why they are deformed.
Some recent experiments have investigated the
responses of bovine cartilage to direct compressive loading
in the range 2–25 MPa. Stresses above 15–20 MPa
disrupt the extracellular matrix in a minor way, so that it is
able to swell slightly11. Some chondrocytes are killed at
these stresses, but this was not accurately quantified.
Other studies provide evidence that chondrocyte synthesis
is increased at 5 MPa21 but reduced above 20 MPa22.
Unfortunately, the small cartilage samples used in these
experiments were cut from the subchondral bone before
loading, so that their deformation under load was restrained
neither by its bony anchorage nor by surrounding unloaded
cartilage. Such experimental details are important in deter-
mining the manner and extent of matrix deformation and its
consequences for chondrocytes: for example, severely
compressed cartilage can split right down to the sub-
chondral bone if it is not supported laterally23, but fissures
do not penetrate beyond 0.2 mm in depth if it is sup-
ported24. Cell responses to loading are influenced by
relative movements of the cell–matrix interface, which can
disrupt the mechanical linkage between the cell’s cyto-
skeleton and collagen fibres in the matrix25. Any experi-
mental method which fails to preserve the integrity of this
linkage, or the normal mechanical deformation of the
matrix, may produce artefactual results. For this reason,
we suggest that accurate data is not yet available concern-
ing levels of stress required to kill articular cartilage
chondrocytes during repetitive loading.
We have developed a physiologically reasonable tech-
nique of applying severe repetitive loading to articular
cartilage. Cartilage-on-bone specimens are compressed
using a metal indenter which has a flat surface surrounded
by a bevelled edge. The indenter is impermeable in order to
prevent unphysiological vertical fluid flow out of the loaded
cartilage26 and the bevel removes stress concentrations
from around its periphery, so that cartilage fails under the
centre of the indenter27. The indenter applies negligible
shear stress to the cartilage surface, and so is appropriate
to simulate cartilage–cartilage loading in which the coef-
ficient of friction is very low. Cartilage deformation under
load is restrained naturally by the subchondral bone and
by adjacent unloaded cartilage, which ensures that it does
not bulge unnaturally. Cartilage indentation properties are
unaffected by specimen size provided that at least 1.5 mm
of unloaded cartilage surrounds the indented region27. In
the present experiment, this technique was used to quantify
the harmful effects of severe repetitive loading on the
chondrocytes of bovine articular cartilage.
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muscle forces acting across the joint. Load-displacement
data were recorded by computer every 180 cycles. The
maximum force applied to each specimen was chosen to lie
within a range of 1–70% of the average force required to
damage similar specimens in a previous experiment27. On
this scale, 100% is equivalent to a compressive stress of
35 MPa. Compressive failure occurs in the cartilage rather
than subchondral bone24,28 and is indicated by a fall in
specimen stiffness21. In order to check for gross evidence
of surface damage, before and after testing, the cartilage
surface was brushed liberally with indian ink and the
excess washed away immediately. Small carbon particles
suspended in the ink become trapped in any surface cracks
and rendered them visible29.ASSESSMENT OF CELL VIABILITY
Immediately after cessation of loading, samples of full-
depth cartilage were removed from the bone using a
scalpel (with a fresh blade). Cartilage was then allowed to
rehydrate in saline for 20 min in order to improve penetra-
tion of stains into the tissue. Samples of cartilage were then
taken from the centre of the loaded region, and also from
the adjacent unloaded region, up to 3 mm away from the
loaded area (Fig. 2). In addition, two types of control
cartilage were used: the first was cartilage removed at
dissection when the joints were first brought into the
laboratory, and the second was cartilage from cartilage-on-
bone specimens that were set in plaster and left in saline
for 1 h, but without being loaded. One mm-thick sections
were cut perpendicular to the cartilage surface, using a
custom-made device that holds two razor blades in parallel.
Cell viability was assessed using the fluorescein
diacetate (FDA) and propidium iodide (PI) paravital staining
method. FDA can enter a cell through an intact membrane,
and once in the cell it can be converted by cells’ esterase
enzymes to produce a green product. Once converted to
this form it cannot pass back out from the cell, labeling a
viable cell green. PI can enter a cell only through a ruptured
membrane; after entering the cell it interacts with nucleic
acid, labeling a dead cell red. Any cell which labeled both
red and green was classified as dead, since a cell cannot
survive with a ruptured membrane.
A stock solution of FDA was prepared by dissolving
40.1 mg FDA (Sigma) in 10 ml acetone. The working solu-
tion was freshly prepared by adding 5 l of stock to 15 mlPBS (0.01 M, pH 7.4). Similarly, a stock solution of PI
(Sigma) was prepared by dissolving 100 mg PI to 10 ml
distilled water, and the working solution prepared by adding
10 l stock to 10 ml of PBS plus 2.5% EDTA. The final stain
was prepared by mixing equal volumes of the two working
solutions.
The 1-mm thick cartilage sections were placed in 30 l of
the final stain and left to incubate in the dark, at room
temperature, for 5 min. The section then underwent five
successive wash steps in PBS to eliminate background
levels of fluorescence. Sections were mounted on welled
slides, using Vectashield mounting medium for fluor-
escence (Vector Laboratories) to slow the rate of photo-
degeneration of the fluorescent dyes. Slides were viewed
immediately using a Leitz DMR (Leica, Germany) micro-
scope. Live cells (green) were visible under a blue filter,
and dead cells (red) were visible under a green filter.
In order to minimize selection bias in choosing a field of
view, cartilage sections were centered under a low power
lens (×4) before switching to a higher magnification (×40),
at which time the first live cells to become focused were
counted. To count dead cells, the filter was changed without
altering the focus or field of view. This process was
repeated at three randomly selected sites in each of the
three cartilage zones (superficial, mid and deep zones). A
mean value of percentage dead cells was then calculated
for each cartilage zone as well as an overall percentage cell
death for that specimen. To determine the intra- and
inter-reader variability for cell counts, 20 slides were
counted twice each, blinded, following FDA/PI staining.Fig. 2. Top view of a cartilage specimen, showing the location of loaded and adjacent regions of the cartilage surface.VALIDATION OF CELL VIABILITY ASSAY
Samples of cartilage were subjected to repeated freeze–
thaw regimes to kill varying proportions of chondrocytes, up
to 100%. Specimens of cartilage-on-bone removed at dis-
section were wrapped in cling film and subjected to a
number of freeze–thaw cycles, either in a freezer at −20°C
or −80°C, or in liquid nitrogen at −196°C. Each specimen
was maintained for 2 h at the assigned temperature and
then thoroughly thawed in a glass beaker immersed in a
37°C water bath for 45 min. Some samples of cartilage
were then taken for cell viability testing, and the remainder
put through further freeze–thaw cycles until 100% cell
death was seen. It was not possible to obtain tissue with
100% live cells to act as a similar positive control for the
FDA.
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also compared with the more traditional Trypan Blue dye
exclusion assay. Chondrocytes were isolated from 1 mm3
blocks of cartilage by incubation for 12 h at 37°C in 1 mg/ml
hyaluronidase and 1 mg/ml collagenase. Following
resuspension in PBS, the cells were centrifuged for 8 min,
at 1500 rpm, three times. Equal volumes of cell suspension
and 0.4% Trypan Blue were incubated for 3 min at room
temperature and then viewed under the microscope.TRANSMISSION ELECTRON MICROSCOPY
A sample of cartilage loaded at 346 N (7.5 MPa) was
selected because preliminary results suggested that it
would contain approximately equal numbers of live and
dead cells and that its matrix would remain undamaged.
The full-depth cartilage sample was prepared for electron
microscopy immediately after cessation of loading.
Cartilage was immersed in 2.5% gluteraldehyde in 0.1 M
sodium cacodylate buffer (TAAB Laboratories), pH 7.4, for
3–4 h. Secondary fixation was in 1% osmium tetroxide in
0.1 M sodium cacodylate buffer for 1–2 h. Residual fixative
was removed, and samples pre-stained in 1% aqueous
uranyl acetate. After dehydration in ascending grades of
ethanol, cartilage was embedded in resin in polythene
capsules and polymerized at 60°C for 48 h. One hundrednm sections were cut on a Reichert Ultracut E (Leica
Microsystems, U.K.) using a diamond knife (Diatome,
Switzerland). Sections were collected and stained with
Reynolds lead citrate (BDH, U.K.) before examination in a
Jeol 1200 EX Mk2 transmission electron microscope (Jeol
U.K. Ltd). Images were recorded at 80 kV accelerating
voltage on Kodak type 4489 EM film (Eastman Kodak Co.,
USA) and developed with Kodak D 19 developer (Kodak-
Pathe, France) for 4 min.ResultsASSAY VALIDATION
As expected, most cells in the fresh cartilage sections
stained green (live) and all those in the most severely
treated cartilage stained red (dead). Cell viability in different
zones of cartilage after various freeze–thaw cycles is
summarized in Table I, and typical stained sections are
shown in Fig. 3. Reproducibility studies showed no signifi-
cant difference in cell count either within or between
readers (ICC=0.98, P=0.47). A comparison of this staining
method with the more widely used Trypan blue method
showed generally good agreement, but FDA/PI detected
more dead cells than Trypan blue (Table II).Table I
Chondrocyte death increased at lower temperatures and with
number of freeze-thaw cycles
Zone Number of
freeze–thaw
cycles
−20°C
(N=8)
−80°C
(N=8)
−196°C
(N=2)
Superficial 1 68.4 (3.6) 91.1 (6.4) 100.0
2 95.9 (4.0) 100.0
3 100.0 100.0
4 100.0 100.0
Mid 1 34.8 (4.0) 93.5 (3.2) 100.0
2 87.9 (7.5) 100.0
3 100.0 100.0
4 100.0 100.0
Deep 1 38.0 (12.3) 82.5 (4.3) 100.0
2 75.7 (8.8) 98.8 (1.1)
3 97.0 (1.8) 100.0
4 100.0 100.0
Figures in brackets represent S.E.M.Fig. 3. FDA-PI staining of cartilage sections reveals live cells (green) and dead cells (red). (a) fresh tissue, (b) after 2 freeze–thaw cycles at
−80°C, and (c) one freeze–thaw cycle at −20°C.BASELINE CELL VIABILITY
The proportion of dead cells in cartilage removed at
initial dissection was 18.1% (STD 9.2%, N=12) and in
those samples that were embedded in plaster and left
under saline without loading it was 23% (STD 10.2%,
N=21). Cell death in control cartilage was significantly
greater in the surface zone compared to the middle and
deep zones (Fig. 4).STATISTICAL ANALYSIS
Univariate linear regression was used to characterize
the dependency of chondrocyte death on applied load.
Variation in cell death between different zones and regions
of cartilage was examined using ANOVA, and specific
differences were tested using two-tailed matched-pair
t-tests. Inter- and intra-observer reliability in cell death
results were examined using a repeated measures
ANOVA.
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Cartilage-on-bone specimens (N=30) were loaded at
magnitudes ranging from 1% (17 N, 0.4 MPa) to 70%
(1176 N, 25 MPa) of their average compressive strength,
which was determined previously to be 35 MPa27. Up to
250 N (15% failure stress, approximately 6 MPa) there was
no significant increase in the proportion of dead cells in
either the loaded area or the adjacent unloaded areas
compared to the control samples. Above 250 N, cell death
increased in proportion to the applied cyclic load, in both
loaded and adjacent regions of cartilage (Fig. 5). Also
above 250 N, cell death became consistently greater in the
loaded cartilage compared to the adjacent cartilage from
the same specimen. The average % cell death in control
tissue (specimens embedded in plaster but unloaded) wassubtracted from the values given in Fig. 5 so that they
indicated the level of cell death attributable to cyclic load-
ing. Linear regression showed that increases in cell death
with applied load (above the 250 N threshold) were signifi-
cant in all three zones of loaded cartilage, and in the
superficial and middle zones of adjacent cartilage (P<0.01
or better).
All specimens that were cyclically loaded at or above
672 N (40% failure stress) showed surface damage to the
cartilage surface, as visualized by indian ink. However,
surface damage above 672 N was not associated with any
dramatic increase in cell death (Fig. 5) and examination of
individual sections showed no obvious increase in cell
death in the vicinity of surface fissures (Fig. 6).MECHANISM OF CELL DEATH FOLLOWING LOADING
Transmission electron microscopy studies were carried
out on a cartilage sample loaded at 346 N (7.5 MPa) in
order to evaluate the morphology of chondrocytes follow-
ing mechanical loading. Typical electron micrographs are
shown in Fig. 7. Most of the cells appear healthy with an
intact cell membrane and large round nucleus [Fig. 7(a)].
However, some of the cells showed morphological features
normally associated with cell death by apoptosis: for
example, irregular cell membranes with multiple ‘blebs’,
and abundant vacuoles in the cytoplasm [Fig. 7(b),(c)].
There was also evidence of cell fragmentation and
presence of apoptotic bodies [Fig. 7(d)].Table II
Comparison of FDA-PI method for detecting cell viability with
Trypan-Blue method
Sample treatment % Cell death
FDA-PI
technique
Trypan-blue
technique
4 Freeze–thaw cycles at −80°C. 100 91 (10.1)
1 Freeze–thaw cycle at −20°C. 67 (12.9) 55 (9.4)
Figures in brackets represent S.E.M.Fig. 4. Cell viability increased with increasing depth from the
cartilage surface, both in control tissue (shown in Figure) and also
in loaded tissue.Discussion
These results on bovine patella-groove cartilage suggest
a stress threshold of 6 MPa above which chondrocyte
death increases linearly with increasing repetitive load. Cell
death in the adjacent unloaded areas of cartilage also
increased linearly with load.
The effects of repetitive loading on cell death, as shown
in Fig. 5, are unlikely to be influenced greatly by baseline
cell viability, which in this experiment was 80%. This is
because the average baseline value was subtracted from
all of the cell viability results. Also, a similar dose–response
relationship was observed in a preliminary experiment
using bovine tissue from a different source whose baseline
cell viability was approximately 50%30. The freeze–thaw
experiments gave confidence in the results of the cell
viability assay, although we were unable to provide a 100%
positive control for the FDA stain. The ability of some
chondrocytes to survive repeated freeze–thaw cycles could
possibly be attributable to the protective effects of the intact
extracellular matrix during periods of rapid temperature
change.
A stress threshold for chondrocyte death has previously
been reported to lie between 15 MPa and 20 MPa10,11,31.
Our data indicate a lower threshold (6 MPa), but this could
be because we applied repetitive loading. Repetitive load-
ing can cause microdamage to accumulate, so that gross
failure occurs at approximately 45% of the stress required
to cause failure in a single loading cycle32. In engineering
materials, this is known as ‘fatigue failure’. Repetitive
loading is also likely to provide a stronger stimulus to cells
than a single loading cycle. Evidence for this comes from
the response of bone cells to mechanical loading, which
depends greatly on the number of loading cycles applied33.
Other differences between the present and previous
studies include the slower loading rate (linear ramp, 1 Hz),
which was intended to simulate muscle forces rather than
impact forces34, and the care we took to ensure that the
loaded cartilage was supported naturally by surrounding
cartilage and subchondral bone. Also, the FDA/PI cell
viability assay appears to be more sensitive than the
Trypan blue method (Table II), and capable of providing
precise numerical data.
We have not yet looked at human cartilage, but it seems
unlikely that human chondrocytes would behave very diff-
erently in response to vigorous repetitive loading. Precise
stress thresholds could differ in other species and joints,
because the mechanical properties of cartilage depend on
prevailing levels of mechanical stress35. Stress thresholds
may also depend on age. Our results are from an in-vitro
study and although we have attempted to mimic the in-vivo
situation as closely as possible, the effects of mechanical
load on articular cartilage and its cells in vivo may possibly
be different. Nevertheless, the existence of a threshold, and
a linear dose–response relationship above that threshold
(Fig. 5) could be applicable to articular cartilage in general.
It is not surprising that a threshold should exist, because
mature chondrocytes do not normally divide and so must
be capable of surviving a minimal level of mechanical
loading. But why should cell death be proportional to
peak load above the threshold? Why should some
chondrocytes be so much easier to kill than others which
occupy the same cartilage zone in the same joint location?
Chondrocytes are much softer and weaker than their sur-
rounding matrix36 so their susceptibility to physical stimuli
depends on the mechanical properties of the lacunae they
occupy. Small holes in a homogeneous material deform
proportionately less than large holes when subjected to the
same applied stress, so it is possible that particularly small
cells are strong because they occupy particularly small
lacunae. By a similar argument, small chondrons (which
include a ‘basket’ of collagen ﬁbrils37) could offer more
protection to cells within them than large chondrons. These
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Fig. 5. The inﬂuence of applied repetitive loading on cell viability in the loaded region of cartilage (solid circles) and in adjacent unloaded
regions (open circles). Left: below 250 N, cell viability was independent of load magnitude. Right: above 250 N, cell death increased in
proportion to the applied load in both regions. The % of dead cells in control tissue from the same joint surface has been subtracted from
each value shown in order to emphasize the inﬂuence of mechanical loading.
Fig. 6. Full-depth section of cartilage following mechanical loading. Note that in the vicinity of gross ﬁssures, there is no great increase in the
frequency of dead cells. Red dots indicate dead cells in focus, and red background staining indicates regions of dead cells deeper within the
1 mm-thick section.
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considerations suggest that small cells and chondrons can
withstand higher mechanical stresses than large ones, but
this has yet to be tested by experiment. Another possibility
is that cells die as a result of some perturbation of the
mechanical linkage between the cell’s cytoskeleton and the
extracellular matrix25 and that the strength of this linkage
depends on local variations in matrix composition and
structure. Whatever factor is responsible for the reduced
stress-tolerance of some cells, it must confer certain
advantages also, because otherwise, all chondrocytes
would be as strong as possible. Perhaps variable chondro-
cyte strength is linked to variable chondrocyte sensitivity to
prevailing mechanical stress, so that cartilage is able to
respond to a wide range of mechanical stimuli, but at the
expense of losing some cells during severe loading.
Cell viability increased with distance from the cartilage
surface in all cartilage specimens examined, including
those that were subjected to freeze–thaw cycles and to
mechanical loading. This is easy to explain in control
tissue: cells near the cartilage surface are more exposed to
the external environment, and are the ﬁrst to be killed by
adverse changes in tissue hydration and temperature. The
fact that additional cell death attributable to mechanical
loading was also highest in the superﬁcial zone may be in
part due to increased water expulsion. Also, the com-
pressive stress perpendicular to the cartilage surface
decreases with depth from that surface, because the load
from the indenter is resisted by an increasing area of
cartilage. (One of the primary mechanical functions of
articular cartilage is to distribute load in this way.) Cells in
the deeper zones would be subjected to lower compressive
stresses and this could explain why more of them survive.
Zonal differences in cell viability could also be inﬂuenced by
the differing morphology and metabolic activity of their
cells, and by differences in the mechanical properties of
their extracellular matrix38.
Mechanically induced cell death in the region adjacent to
the indenter can also be explained by the compressive
stress spreading out with increasing depth from the sur-
face, as described above. It is possible that cells in the
adjacent cartilage were affected by ﬂuid expelled from the
loaded region, or by humoral factors carried by this ﬂuid
from dying cells underneath the indenter.
The mechanism of load-induced cell death remains
obscure. Our electron micrographs indicate that some cells
in loaded cartilage were dying by apoptosis, but this may
have been true in unloaded cartilage also. Further detailed
studies are currently in progress to demonstrate the nature
of cell death following mechanical loading.
Finally, the ﬁnding that some of the chondrocytes in the
present experiment were killed at stress levels as low as
6 MPa needs to be reconciled with the ﬁnding that peak
stresses acting on the human hip joint during level walking
rise to 5–8 MPa12,13. Some of this apparent mismatch in
strength could possibly be explained by differences in
species, anatomical location and age. Nevertheless, this
comparison raises the possibility that severe ‘wear and
tear’ loading could kill a small proportion of chondrocytes
(a) (b)
(c) (d)
X 20,000 X 40,000
X 40,000 X 30,000
Fig. 7. Transmission electron micrographs of a cartilage specimen subjected to repetitive mechanical loading at 8 MPa show evidence of
apoptosis. Micrographs revealed many morphological changes consistent with apoptosis, including irregular cell membrane with multiple
‘blebs’, dilated organelles and abundant vacuoles in the cytoplasm [Fig. 3(b),(c)]. Cell fragments, nuclear condensation and the presence of
apoptotic bodies were also visible [Fig. 7(d)].
Osteoarthritis and Cartilage Vol. 9, No. 5 505
506 K. M. Clements et al.: Cyclic load and chodrocyte viabilitywithin certain regions of articular cartilage. Chondrocyte
viability is essential to maintain the extracellular matrix, and
dead cells in mature cartilage are probably not replaced, so
the loss of even a small fraction of cells could have harmful
consequences18. This in turn could explain why vigorous
repetitive loading of the knee joint is associated with the
onset of osteoarthritis5.Acknowledgments
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